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ABSTRACT 
0 
Gold, p l a t i n u m  and gold-on-platinum f i l m s ,  1000-3000A t h i c k ,  were  t h e r -  
m a l l y  e v a p o r a t e d  o n t o  g l a s s  microscope s l i d e s  and g i v e n  v a r i o u s  h e a t  t r e a t -  
.merits a t  abou t  300°C, The room tempera tu re  e l e c t r i c a l  r e s i s t i v i t y  and 
s p e c t r a l  r e f l e c t i v i t y  were  observed d u r i n g  t h e  c o u r s e  o f  t h e  h e a t  t r e a t -  
3 
ments.  P l a t i n u m  f i l m s  show a l a r g e  d e c r e a s e  i n  r e s i s t i v i t y  and a concom- 
i 
i t a n t  i n c r e a s e  i n  r e f l e c t i v i t y ,  which a r e  a s s o c i a t e d  w i t h  an  amorphous t o  
c r y s t a l l i n e  phase  t r a n s f o r m a t i o n  h a v i n g  an a c t i v a t i o n  energy of 10 ,000  
c a l / m o l e  f o r  t h e  i n i t i a l  s t a g e s .  T h i s  t r a n s f o r m a t i o n  appears  t o  be  oxygen- 
a s s i s t e d .  P r e l i m i n a r y  d a t a  i n d i c a t e  a  d i f f u s i o n  c o e f f i c i e n t  f o r  P t  i n  Au 
t h a t  is  n e a r  t o  t h a t  o f  volume d i f f u s i o n .  
. - 
I. I n t r o d u c t i o n  
P 
Thin,  m e t a l l i - c  f i l m s  a r e  used e x t e n s i v e l y  i n  i n t e g r a t e d  c i r c u i t s  f o r  el-ec- 
t r o d e s ,  f o r  i n t e r c o n n e c t i o n  p a t h s ,  and f o r  beam l e a d s .  I n  many c a s e s  aluminum 
i s  s u c c e s s f u l l y  used.  I n  o t h e r  c a s e s ,  however, aluminum p r e s e n t s  d i f f i c u l t i e s  
(e .g ,  e l e c t r o m i g r a t i o n  a t  h i g h  c u r r e n t  d e n s i t i e s ) ,  and r e c o u r s e  must b e  made 
t o  m u l t i l a y e r s  o f  d i f f e r e n t  m e t a l s  i n  o r d e r  t o  meet a  complex set o f  r e q u i r e -  
ments. These requ i rements  i n c l u d e  t h e  f o l l o w i n g :  
1, good adherence  t o  t h e  s u b s t r a t e  ( u s u a l l y  ~ i . 0 ~ )  
2 .  h i g h  e l e c t r i c a l  c o n d u c t i v i t y ,  
3 ,  h i g h  r e l i a b i l i t y  a f t e r  v a r i o u s  p r o c e s s i n g  s t e p s ,  and 
4. c o m p a t a b i l i t y  w i t h  m i c r o c i r c u i t  manufac tu r ing  t e c h n i q u e s  i n c l u d -  
i n g  p h o t o r e s i s t  and e t c h i n g  pnocedures .  
c e r t a i n  m u l t i l a y e r  m e t a l  sys tems have been  i d e n t i f i e d  a s  promising c a n d i d a t e s  
t o  s a t i s f y  t h e  above requ i rements .  However, m u l t i l a j i e r  conduc tors  a r e  sus-  
. . 
' c e p t i b l e  t o  i n t e r d i f f u s i o n ,  which may ' l e a d  t o  d e v i c e  d e t e r i o r a t i o n  and f a i l u r e .  
' 
I I n  p a r t i c u l a r ,  C n t e r d i f f u s i o n  c a n . r e s u l t  i n  l o s s  of f i lm'  adhes ion  t o  s u b s t r a t e  
and i n  a  decreased  c o n d u c t i v i t y ;  t h e s e  i n  t u r n  can r e s u l t  i n  o v e r h e a t i n g  and 
e v e n t u a l  c i r c u i t  f a i l u r e .  
ln 'many t h i n  f i l m s ,  ' d i f f u s i o n  p roceeds  ~ u c h  more r a p i d l y  t h a n  i n  t h e  c o r r e -  
._ 
spending b u l k  m a t e r i a l .  T h i s  i s  presumably due t o  t h e  l a r g e r  p r o p o r t i o n  of 
. d e f e c t s  ( v a c a n c i e s ,  g r a i n  b o u n d a r i e s ,  e t c . )  i n  t h e  f i l m s .  I n  o t h e r  cases,. '  
. .  
. + 
d i f f u s i o n  i s  s i m i l a r  t o  b u l k .  Hence, f i l m  s t r u c t u r e  (and f i l m  d e p o s i t i o n  t ech-  
n ique)  i n f l u e n c e s  t h e  d i f f u s i o n  and u l t i m a t e l y ,  t h e  dev ice  r e l i a b i l i t y .  It is  
t h e r e f o r e  u s e f u l  t o  i n v e s t i g a t e  t h e  i n t e r d i f f  u s i o n  of t h i n  f  i l r n  m e t a l  c o u p l e s .  
. . 
. . 
. Rather  t h a n  employ a  ""model". o r  laborato-i-y . . coudlg ,  w e  have i l e c t e d  t o  . s t u d y  .a ' . 
. I . -  
' .  
p r a c t i c a l  coup le ,  Au--Pt, because  o f  i t s  p r e s e n c ,  and p o t e n t i z l i y  i a r g e ,  use  i n  
beam leads and because it appears t o  meet  the requ i rements  listed above, The 
Au-Pt systerrr a l s o  has ~ ~ ~ e t a l l u r g i c a l ~ c h a r a c t e r i s t i c s  n o t  possessed by t h o s e  t h i n  
f i l m  couples  i n  which d i f f u s i o n  has  a l r e a d y  been r e p o r t e d  i n  t h e  l i t e r a t u r e :  
5 t h e  Au-Pt phase  diagram h a s  a  l a r g e  s o l i d  s o l u t i o n  m i s c i b i l i t y  gap and no com- 
pounds. With r e s p e c t  t o  d i f f u s i o n ,  one might a n t i c i p a t e  t h e  behav iour  o f  such  
a  sys tem a t  moderate  t empera tu res  (200-400 '~)  t o  b e  s i m i l a r  t o  any two-phase 
a l l o y  w i t h  similar t e r m i n a l  s o l i d  s o l u b i l i t i e s ,  even though such  a  two-phase 
I 
a l l o y  may occur  th rough  a  e u t e c t i c  o r  e u t e c t o i d  r e a c t i o n  r a t h e r  than  a m i s c i -  
I 
b i l i t y  gap. However, i t  is n e c e s s a r y  t o  v e r i f y  t h e  behav iour  of t h e  Au-Pt 
coup le  e x p e r i m e n t a l l y  s i n c e  many s u b t l e  f a c t o r s '  i n t e r a c t  u n p r e d i c t a b l y .  
' T h e  purpose  of t h i s  program i s ,  t h e r e f o r e ,  t o  i n v e s t i g a t e  t h e  i n t e r d i f f u -  
s i o n  of Au-Pt f i l m s .  
I 
I 
1 The p r i n c i p a l  o b s e r v a t i o n a l  pa ramete r  i s  s p e c t r a l  r e f l e c t i v i t y ,  Exper i -  
i .  ! m e n t a l  samples a r e  f a b r i c a t e d  by vacuum d e p o s i t i o n  o f  a  P t  f i l m  o n t o  a  g l a s s  
. . 
1 s u b s t r a t e  (microscope s l i d e  o r  oxid'ized s i l i c o n  wafe r )  fo l lowed by d e p o s i t i o n  
o f  a 'Au f i l m .  
I n  our  p r e v i o u s  work, two unexpected e f f e c t s  p reven ted  c l e a r - c u t  a n a l y s i s  
! 
- - 
of  t h e  d i f f u s i o n  d a t a .  The f i r s t  e f f e c t  was a l o s s  o f  adhes ion  d u r i n g  t h e  
d i f f u s i o n  h e a t  t r e a t m e n t .  . T h e  second e f f e c t  was a n  i n c r e a s e  i n  r e g l e c t i v i t y ,  
. 
and i n  e l e c t r i c a l  c o n d u c t i v i t y ,  of t h e - P t  f i l m s  i n  t h e  e a r l y . s t a g e s  o f  t h e  . 
h e a r  t r e a t m e n t s ;  t h i s  e f f e c t  seems t o  b e  r e l a t e d  t o  a s t r u c t u r a l  change of t h e  
f i l m ,  and i s  n o t  r e l a t e d  t o  i n t e r d i f f u s i o n  s i n c e  i t  o c c u r s  i n  P t  f i l m s  a l o n e .  
Th is  r e p o r t  .summarizes exper iments  r e l a t i n g  t o  t h e  changes i n  t h e  P t  f i l m s ,  
and t o  d i f f u s i o n  i n  A U / P ~  fiLm couples .  
11, A p p a r a t u s  
d 
A m e t a l l u r g i c a l  microscope was adap ted  f o r  t h e  r e f l e c t i v i t y  measurements,  
The l i g h t  s o u r c e  is  a one k i l o w a t t  t u n g s t e n - i o d i d e  lamp t h a t  i l l u m i n a t e s  t h e  
e n t r a n c e  s l i t  of a monochromator. E i t h e r  a  g r a t i n g  (Bausch and Lonlb) o r  a  
p r i s m  (Perkin-Elmer) monochromator i s  used.  The monochromatic o u t p u t  e n t e r s  
t h e  s i d e - i l l u m i n a t o r  of t h e  microscope.  An o b j e c t i v e  l e n s  is  chosen s o  t h a t  
a s p o t  2 mm, i n  d iamete r  on t h e  specimen is  i l l u m i n a t e d .  T h i s  a r e a  i s  l a r g e  
enough t o  average  o u t  d e f e c t s  such a s  p i n h o l e s ,  y e t . s m a l 1  enough t o  avo id  
l a r g e - s c a l e  v a r i a t i o n s  such  a s  f i l m  w r i n k l i n g .  The d e t e c t o r  i s  a  s i l i c o n  
s o l a r  c e l l  o v e r l a p p i n g  t h e  e y e p i e c e  e x i t  l e n s  and i n t e r c e p t i n g  a l l  t h e  o u t p u t  
l i g h t .  The d e t e c t o r  is  s h i e l d e d  from ambient  and s t r a y  l i g h t .  A 1000 ohm 
s h i e l d e d  l o a d  r e s i s t o r  is p l a c e d  a c r o s s  t h e  s o l a r  c e l l ,  and t h e  v o l t a g e  deve l -  
oped a c r o s s  t h e  r e s i s t o r  is  r e a d  on a  Hetrlet t-Packard 419A DC N u l l  Vol tmete r .  
An a t t e m p t  was made t o  i n c r e a s e  t h e  d e t e c t o r  s e n s i t i v i t y  by u s i n g  a  photo- 
t r a n s i s t o r  i n  p l a c e  of t h e  s i l i c o n  s o l a r  c e l l .  However, i n s u f f i c i e n t  l i n e a r -  
i t y  w i t h  l i g h t  i n t e n s i t y  a t  low v a l u e s  was encounte red ,  and t h e  s i l i c o n  s o l a r  
c e l l  was u t i l i z e d  f o r  a l l  measurements. 
111, Specimens 
Tllc P t  and Au f i l m s  were d e p o s i t e d  on 2.54 cm x 7,62 crn g l a s s  microscope 
F 
s l i d e s  by s u c c e s s i v e  the rmal  e v a p o r a t i o n  i n  a  b e l l  j a r  a t  p r e s s u r e s  about  2 x 
-5 1 0  t o r r .  The e v a p o r a t i o n s  were  made by e lect ron-beam h e a t i n g  from g r a p h i t e  
c r u c i b l e s  d u r i n g  a  sing1.e pump-down c y c l e .  S u b s t r a t e  t empera tu res  were  n e a r  
150°C f o r  t h e  f i r s t  d e p o s i t  ( P t )  and ambient t e m p e r a t u r e  f o r  t h e  second d e p o s i t  
(Au) . A f t e r  t h e  P t  f i l m  was d e p o s i t e d ,  t h e  s u b s t r a t e  was coo led  by the rmal  
conduc t ion  t o  water-cooled p o s t s  o v e r  a n  i n t e r v a l  of abou t  t e n  mi-nutes. Ambient 
t empera tu res  f o r  t h e  Au were  used t o  minimize d i f f u s i o n  d u r i n g  t h e  specimen 
p r e p a r a t i o n .  
The microscope-s l ide  s u b s t r a t e s  were  masked d u r i n g  t h e  f i l m  d e p o s i t i o n s  
( t h e  mask p o s i t i o n  w a s  changed between P t  and Au f i l m s )  s o  a s  t o  produce an  a r r a y  
of t h r e e  sets of t h r e e  r e c t a n g l e s ,  each r e c t a n g l e  b e i n g  2  cm x 0.7 c m  and a l i g n e d  
w i t h  i t s  l o n g  s i d e  p a r a l l e l  t o  t h e  l o n g  s i d e  o f  t h e  s l i d e .  The o u t e r  r e c t a n g l e s  
of each se t  of t h r e e  a c r o s s  t h e  2.54 cm dimension c o n s i s t e d  o f  Au on P t  c o u p l e s ;  
t h e  midd le  r e c t a n g l e  was s p l i t  i n t o  s e p a r a t e  P t  and Au moni to r  specimens,  1 cm x 
0.7 em.  Because o f  t h e  geometry i n  t h e  b e l l  jar,  t h e  f i l m  t h i c k n e s s e s  d i f f e r e d  
among t h e  sets. The t h i c k n e s s e s  were  determined w i t h . a n  i n t e r f e r e n c e  microscope 
- - 
a f t e r  e v a p o r a t i n g  a n  A 1  f i l m  o v e r  p a r t  of t h e  specimens.  
. * 
. Normally, a s h u t t e r  was i n  between s o u r c e  and s u b s t r a t e  p r i d r  t o  t h e  ' 
P t  e v a p o r a t i o n .  Omission o f , t h e  s h u t t e r  h a s  l e d  t o  e r r a t i c  behav iour  of t h e  
r e s i s t i v i t y . a n d  r e f l e c t i v i t y  upon subsequen t  h e a t  t r e a t m e n t .  
For  c e r t a i n  r e s i s t i v i t y  measurements, e s p e c i a l l y  f o r  P t  f i l m s ,  specimens 
were  made i n  a  z ig-zag p a t t e r n  and A 1  c o n t a c t  pads were  evapora ted  o v e r  t h e  
ends .  The p a t t e r n  is  s i m i l a r  t o  two r e c t a n g u l a r t ' p u l s e "  s h a p e s ,  LO x 4 , 5  rnm, 
s e p a r a l c d  by' 4,5rt11ir, 1116 f ilin l c n t t h  is therefore, 62.1 iiil?l, and thi 'f iln width i s  
l.Smm, Thrce  such  p a t t e l n s  were dapositcd s inu1taneouc; ly  on a  2.54cm x 7.62cm 
microscope s l i d e ,  
4 . .  
measured a s  sup:)l.emcritsry d a t a  t o  the optri.cal r e f l e c t i v i t y ,  R e s i s t i v i t i e s  of Au/ 
P t  coup1.e~ were  n o t  ta l ien ,  s i n c e  t l lc  i-ntei-pr.etati.on of s u c h  d a t a  i s  d i f f i c u l t  i n  
view of  t h e  unl<nol,.7n res is t : i .v- i t ies  of t h e  u~~lcnown m i c r o s t r u c t u r e s  e x i s t i n g  i n  t i le  
h e a t  t r e a t e d  c o u p l e s ,  
Roo111 tempe.ratuI:e r e s i s t a n c e s  were  i n i t i a l l y  'measu3:ed w i t h  a  fo t l r -po in t  p r o b e ,  
u s u a l l y  eriployecl f o r  se rn iconc luc to~s .  The p robe  t i p s  a r c  p o l i s h e d  t u n g s t e n ,  and 
t h e  t i p  s p a c i n g  i s  0 .021  i.nch, An advan tage  of  t h i s  method i s  t h a t  e l e c t r i c a l  
l e a d s ,  o r  c o n t a c t  pads ,  do n o t  have t o  b e  a t t a c h e d  t o  t h e  spec i~ i i en .  However, t h i s  
t e c h n i q u e  was abandoned b e c a u s e  of i t s  d e s t r u c t i v e  n a t u r e  ( h o l e s  were  s c r a p e d  i n  
t h e  f i l m ) -  and t h e  need f o r  1na.ny measurements o v e r  a  series of  h e a t  t r e a t m e n t s .  
The f o u r - p o i n t  p robe  d z t a  ind ica ted  t h e  f o l l o w i n g :  
0 
1. a s - d e p o s i t e d  f i l n l s  e l e a t e r .  t h a n  1000 A t l l i ck  t y p i c a l l y  have 
r e s i s t i v i t i e s  of  3yQ-cm f o r  Au and 150yQ-cm f o r  P t ,  
. . 
2. Upon h e a t  t r e a t ~ u e n t  i n  a i r  f o r  b r i e f  p e r i o d s  (10-30 minu tes )  
a t  t e m p e r a t u r e s  of  250--1~00~C, t h e  r e s i - s  tiv:' t.y of Au f i l m s  d e c r e a s e d  
s l i g h t l y  (about  10%) whereas  t h e  r e ~ i c t i v i  t y  o f  P t  f j l rns  d e c r e a s e d  
by a f a c t o r  of  two o r  more. 
More e x t e n s i v e  measurements,  d c i n g  t h e  z ig-zag f i l m  p a t t e r n ,  were  made on 
0 
P t  f i l m s  r a n g i n g  Cio14 750 A t o  3400 i n  t l l i r k u e s s  and w i ~ b  l i ea t  t r e a t m e h i s  up 
to' s'even h o u r s  a t  t.ernpcrat:urei;' of 150--325O~,  T a b l e  I suci?rnarizes most of  t h e  
r e s i s t a n c e  . d a t a  t a k e n  on t l ~ e s e  s p e c i m e i ~ s ,  F i g u r e  1 p r e s e n t s  t y p i c a l  r e s i s t a n c e - -  . . 
ti.n?e seii:i-log l7 lots  macle from tl ie heat - - - t rea tc ler l t  d a t a ,  I n  a l l  c a s e s ,  t h e r e  ' ,  ' 
a r e  t ~ ~ o  d i s t i n c t  r e g i o n s :  a n  i n i t i a l  r a p i d  d e c r e a s e  i n  r e s i s t a ~ l c e  follo;,7ed by . '  
a  cecond,  much s l  o:rcr c l e c r e ~ s e .  'lilcse r e g i o n s  \;.ere a p p r ~ x i r ~ i a i e d  by s t r a i g h t  
i t i :  ' 1 1  e c l . i i ~ 1  . I  I ; :  1 -  1 T (first 
.2 
-- i: / .c 
,-f.-c,o?-(j;i?;; lo 1.':ic cq1l;it:j 0 7 1  I?. :- C . 
0 2. n 
most c a s e s ,  on ly  a maximum v a l u e  f o r  T I  cou ld  be  d e t e r ~ ~ i n e d ,  s i n c e  (I) t h e  
minimum t ime p e r i o d  f o r  h e a t  t r e a t m e n t  was abou t  10 mj-nutes (due t o  the rmal  
i n e r t i a  of t h e  spec imens) ,  and (2)  t h e  i n i t i a l  r e a c t i o n  i s  s u b s t a n t i a l l y  over  
w i t h i n  1 0  minutes  ( s e e ,  f o r  example, specimen 9B i n  F i g .  1 ) .  F i g u r e s  2  and 3 
are p l o t s  o f  t h e  Rn rl, and Rn r 2 ,  r e s p e c t i v e l y ,  a s  f u n c t i o n s  of 1000/T. 
Although t h e  p o i n t s  s c a t t e r  c o n s i d e r a b l y ,  a  l e a s t  s q u a r e s  t r e a t m e n t  o f  t h e  d a t a  
was c a r r i e d  o u t  assuming e q u a t i o n s  of t h e  t y p e  r = roeEiRT, where E  = an  a c t i -  
v a t i o n  energy and R = t h e  gas  c o n s t a n t .  Both r1  and r2  appear  t o  have  n e a r l y  
t h e  same a c t i v a t i o n  energy ,  10,000 and 8 ,600 cal/g-atom, r e s p e c t i v e l y .  How- . 
e v e r ,  r 0 1  is  114 second whereas  r02 i s  70 seconds .  At tempts  t o  r e d u c e  t h e  
s c a t t e r  and s e p a r a t e  t h e  d a t a  o f  F i g s ,  2 and 3 by f i l m  t h i c k n e s s  and i n i t i a l  re- 
s i s t i v i t y  were u n s u c c e s s f u l .  More s u c c e s s  was ach ieved  by g roup ing  t h e  d a t a  i n  
t h r e e  s e t s  (A, B and C) cor responding  t o  t h e  p o s i t i o n s  of t h e  specimen on t h e  
s l i d e  (see. T a b l e  I) .  Although f i l m  t h i c k n e s s  d e c r e a s e s  from A t o  C i n  a l l  c a s e s ,  
. . 
t h e  t h i c k n e s s  and r e s i s t i v i t y  v a l u e s - v a r y  among specimens i n  each  p o s i t i o n .  
S t r u c t u r a l  d i f f e r e n c e s . a s s o c i a t e d  w i t h  p o s i t i o n s  A, B and C seem t o  be  more 
. - 
s i g n i f i c a n t  t h a n  d i f f e r e n c e s  due t o  t h i c k n e s s  o r  r e s i s t i v i t y ,  pe rhaps  because  
o f  o u r  s o u r c e - s u b s t r a t e  geometry. (The evapora ted  atoms make i n c i d e n t  a n g l e s  of 
e 
8", 22" and 29' w i t h  t h e  normal t o  t h e  s u b s t r a t e  a t  p o s i t i o n s  A, B  and C ,  
. . 
. . 
r e s p e c t i v e l y . )  Th i s  may b e . r e l a t e d  t o  a n g l e  e f f e q t s  such a s  a r e  r e p o r t e d  i n  
. . 
Ref.  6.  
With on ly  a few d a t a  p o i n t s  o.mitted, t h e  s l o p e s  of l i n e s  drawn th rough  p o i n t s  
o f  cor responding  p o s i t i o n s  appear  t o  a g r e e  w i t h  t h e  l e a s t  s q u a r e s  s l o p e  i n  F i g . 2 .  
( ~ a t a  p o i n t s  f o r  specimens 30 and 31,  which were  d i f f e r e n t l y  p r e p a r e d  from t h e  
o t h e r  specimcris a re  n o t  p l o t t e d  i n  F i g s ,  2 arid 3 , )  
S l r i i l ~ r  groupinz?;s  of  d a t a  i n  F i g ,  3 cEo n o t  a l l  seem t o  f o l l o w  t h e  l e a s t  
s q u a r e s  l i n e .  B and C specimens t.end toward a  l i n e  g i v i n g  a n  a c t i v a t i o n  energy 
of about  22,000 cal/g-atom and a v a l u e  of r about  7 x second.  
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E l e c t r o n  microscopy and s e l e c t e d  a r e a  e l e c t r o n  d i f f r a c t i o n  a t  120 kV have 
shown t h a t  t h e  as -depos i t ed  f i l m s  a r e  amorphous. A f t e r  h e a t  t r e a t m e n t s  such  
as above,  t h e  f i l m s  become a t  l e a s t  p a r t i a l l y  c r y s t a l l i n e ;  t h e  d i f f r a c t i o n  , 
p a t t e r n  c o n s i s t s  of many s h a r p  r i n g s  (some a r e  s l i g h t l y  s p e c k l e d ,  i n d i c a t i n g  
r e l a t i v e l y  few c r y s t a l l i t e s  of t h a t  o r i e n t a t i o n ) ,  and t h e  image i n  t h e  e l e c t r o n  
microscope i s  about  50% amorphous background and 50% g r a i n s  of a  wide s i z e  d i s -  
t r i b u t i o n ,  w i t h  an  average  s i z e  of roughly  2 0 i .  
R a t e  t h e o r y ,  and n u c l e a t i o n  and growth t h e o r y  a r e  b e i n g  a p p l i e d  t o  t h i s  
8 9 10 d a t a ,  as h a s  been done f o r  a l l o y  f i l m s  ,7 '8  f o r  Ge , Sn , and Au . 
Two f u r t h e r  o b s e r v a t i o n s  make t h e s e  P t  f i l m ,  a i r - a n n e a l i n g ,  phenomena seem 
unusual :  (1) r e f l e c t i v i t y  changes ( i n d i c a t i v e  of r e s i s t i v i t y  changes) a r e  n o t  
observed on P t  f i l m s  w i t h  a  Au o v e r l a y ,  and (2) a n n e a l i n g  t h e  f i l m s  i n  vacuum 
does  n o t  produce t h e  marked r e s i s t i v i t y  changes.  It i s ,  t h e r e f o r e ,  s p e c u l a t e d  
t h a t  a i r ,  and most p robab ly  its oxygen component, p l a y s  a major  r o l e  i n  t h e  
observed  r a p i d  s t r u c t u r a l  change a t  t h e s e  low tempera tu res .  I t  shou ld  b e  
n o t e d  t h a t :  PtO d i s s o c i a t e s  a t  550°C and is  a  v i o l e t - b l a c k  material; some of 
t h e  P t  f i l m s  appeared s l i g h t l y  b l u i s h  a f t e r  prolonged h e a t i n g  a t  h i g h  tempera- 
t u r e s ;  PtO m e l t s  a t  450°C; o t h e r  o x i d e s  a r e  known t o  b e  r e l a t i v e l y  u n s t a b l e ,  2 
i . e .  P t  0  and Pt03.  A d d i t i o n a l  exper iments  a r e  underway t o  i n v e s t i g a t e  t h e  3 4 
r o l e  .of oxygen. 
V.  O p t i c a l  S p e c t r a l  Ref]-ectance Measurements 
-------------- 
Concurrenlr. w i t h  t h e  r e s i s  tarlce measurements,  room tempera tu re  r e f l e c t a n c e  
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a t  6000 A was measured on t h e  zig-zag P t  f i lsns a f t e r  t h e  v a r i o u s  h e a t  t r e a t m e n t s ,  
The a b s o l u t e  r e f l e c t a n c e  a t  normal i n c i d e n c e  was found by r e f e r e n c e  t o  an  A 1  
f i l m  "s tandard" .  T y p i c a l  curves  o f  r e f l e c t a n c e  (i iormalized t o  time z e r o )  v e r s u s  
t ime  a t  t h e  h e a t  t r e a t m e n t  t e m p e r a t u r e  a r e  shown i n  F i g s .  4 and 5. I n  g e n e r a l ,  
t h e  r e f l e c t a n c e  changes a r e  s i m i l a r  t o  t h e  f i r s t  r e s i s t a n c e  changes ,  b u t  do 
n o t  f o l l o w  t h e  second r e s i s t a n c e  changes.  Inasmuch a s  t h e  r e f l e c t a n c e  depends 
upon " l o c a l "  p r o p e r t i e s ,  whereas t h e  d .c .  r e s i s t a n c e  depends on b o t h  l o c a l  and 
' long-range p r o p e r t i e s ,  one i s  l e d  t o  t h e  f o l l o w i n g  model. The i n i t i a l ,  r a p i d ,  
l a r g e  changes a r e  caused by n u c l e a t i o n  of a c r y s t a l l i n e  phase  from a n  amorphous 
phase ,  t h u s  changing t h e  l o c a l  r e s i s t i v i t y  of t h e  m a t e r i a l  and b o t h  t h e  r e s i s -  
t a n c e  and r e f l e c t a n c e .  The second,  more g r a d u a l ,  d e c r e a s e  i n  r e s i s t a n c e  c o r r e s -  
ponds t o  growth of t h e  c r y s t a l l i t e s ,  t h e r e b y  e l i m i n a t i n g  some of t h e  remain ing  
amorphous m a t e r i a l ,  a n d / o r  e l i m i n a t i n g  g r a i n  b o u n d a r i e s ,  b u t  l e a v i n g  t h e  i n t r a -  
. 
g r a i n  r e s i s t i v i t y  unchanged. I n  t h i s  c a s e ,  t h e  r e f l e c t a n c e  would b e  r e l a t i v e l y  
- 
i n s e n s i t i v e  t o  t h e  second-s tage changes i n  s t r u c t u r e .  
- % 
The i n i t i a l  r a t e s  o f  change of r e f l e c t a n c e  ( o b t a i n e d  a s  t h e  s l o p e  of t h e  
l i n e  from t h e  o r i g i n  t o  t h e  f i r s t  measured d a t a  p o i n t  on normalized r e f l e c t a n c e  
v e r s u s  time p l o t s ,  such  a s  F i g s .  4 and 5) were  found f o r  specimens 1, 2 ,  3 ,  1'2, 
and 1 6 ,  (A,B .and C f o r  each)  and a r e  p l o t t e d  Jn  F ig .  6  a s  a  f u n c t i o n  of re - '  
c i p r o c a l  a b s o l u t e  t empera tu re  of a n n e a l i n g .  An a c t i v a t i o n  en&rgy f o r  t h e s e  
changes can  b e  deduced from F i g .  6 ,  and t h e  r e s u l t i n g  v a l u e  of 9600 cal /g-a tom 
i s  i n  v e r y  good agreement w i t h  t h e  v a l u e  10,000 ~ a l / ~ - a t o m  found from r e s i s t a n c e  
t i m e - c o n s t a s t s  -cl (F ig .  2 ) .  From t h i s  s t a n d p o i n t ,  one might s p e c u l a t e  t h a t  s c a t -  
t e r  in the  r e z j i s b n c e  iime-.consca.~-,i: d a i g  :?aT. h e  c2i~sc.i: by d j . s c o n t i n u i t i r . s  iri. the 
f i l m ,  which i n  t u r n  are drie t o  ar? i n t e l -p l . ; : y  Set:.iiie~l t i re  c r y s t a l l ~ i z a t i o i ~  pheno- 
. menon and s t r e s s - r e l i e f  i n  t h e  f i l m .  
A s  mentioned i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  l a r g e  changes i n  r e f l e c t a n c e  of 
P t  f i l m s  do not occur  when t h e  f i l m s  a r e  overcoa ted  w i t h  Au. Th i s  e f f e c t  i s  
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r e a d i l y  observed by n e a s u r i r g  t h e  r e f l e c t a n c e  through the g l a s s  s u b s t r a t e s .  
F i g u r e  7 i s  a  t y p i c a l  example (specimen 1A). 
A f t e r  some u n d e r s t a n d i n g  of t h e s e  changes i n  t h e  P t  f i l m s  had been g a i n e d ,  
a t t e n t i o n  was r e d i r e c t e d  t o  t h e  i n t e r d i f f u s i o n  i n  Au/Pt f i l m  c o u p l e s .  Toward 
t h i s  end,  t h e  s p e c t r a l  r e f l e c t a n c e  o f  t h e  Au f i l m  on t h e  c o u p l e s  was measured 
as a  f u n c t i o n  o f  h e a t  t r e a t m e n t  t ime  and t e m p e r a t u r e  and a s  a f u n c t i o n  of 
wavelength ,  S i n c e  each s l i d e  was h e a t  t r e a t e d  a t  a  s i n g l e  t empera tu re  ( f o r  vary-  
i n g  t i m e s ) ,  and s i n c e  each s l i d e  h a s  t h r e e  specimens o f  v a r y i n g  t h i c k n e s s e s ,  a 
wide  range  of d i f f u s i o n  c o n d i t i o n s  was o b t a i n e d .  
Some of t h e  d a t a  a r e p r e s e n t e d  i n  F i g .  8. The s l i d e s  2  and 3 were  h e a t  
t r e a t e d  .in a i r  a t  400°C and 450°C, respec t ive ly .Pfos t  o f  t h e  r e f l e c t a n c e  changes  
are l i n e a r  i n  l o g  t ime. These have n o t  y e t  been  ana lyzed .  The l o w e s t  d a t a  
p o i n t s ,  marked w i t h  c i r c l e d  c r o s s e s  and b a r r e d  c r o s s e s ,  do n o t  show any t r e n d s ;  
t h e s e  d a t a  were  from f i l m s  t h a t  had p a r t i a l l y  l o s t  adherence  t o  t h e  s u b s t r a t e  
- 
( s e e  s e c t i o n  V I ,  t h i s  r e p o r t ) .  I t  s h o u l d  b e  s t a t e d  t h a t  s l i d e s  4  and 5 ,  h e a t  
t r e a t e d  i n  a i r  a t  400°C and 425"C, r e s p e c t i v e l y ,  showed o n l y  v e r y  s l i g h t  t r e n d s  
towprd lower normal ized  r e f l e c t a n c e  w i t h  i n c r e a s e d  t ime ,  i n  c o n t r a s t  t o  s l i d e s  
2  ..and 3. Th is  behav iour  is  n o t  unders tood  a s  y e t .  
F i g u r e  9 p r e s e n t s  t h e  normal ized s p e c t r a l  r e f l e c t a n c e  v e r s u s  wavelength  of 
b o t h  Au and P t  f i l m s ,  s e p a r a t e l y  and i n  d i f f u s i o n  c o u p l e s ,  b e f o r e  and a f t e r  a  
3.75 hour  h e a t  t r e a t m e n t  i n  a i r  a t  450°C. These c u r v e s  a r e  t y p i c a l  of d a t a  t a k e n  
on many o t h e r  specimens.  The s i g n i f i c a n t  o b s e r v a t i o n s  a r e :  
1, Both  Au and F t  moni tor  f i l m s  change s l i g h t l y ,  (Note t h a t  the nor- 
rnalizrt t ion h a s  e l i m i n a t e d  t h e  l a r g e  change i n  r e f l e c t a n c e  of the 
P t  f i l r ?  on h r ~ t  r e a t l i ? ~ ~ n i ,  Th is  was dolle s o  t h a t  t h e  wavelength  
vi1'-j a t i _ o ~ ~ s  of ref1 cct-lnce troll1 d  be  r iwre  a p p a r e n t .  ) 
2 .  T h e  P t  f i l m  of t h e  coup le  does n o t  change s i g n i f i c a r - r t l y  compared t o  
t h e  moni to r  P t .  
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3. The Au f i l m  of t h e  coup le  changes s i g n i f i c a n t l y  compared t o  t h e  
moni to r  Au. 
The t h i r d  o b s e r v a t i o n  above appears  t o  b e  r e l a t e d  t o  t h e  i n t e r d i f f u s i o n  
p r o c e s s ,  and i s  t h e  s u b j e c t  of c o n t i n u i n g  i n v e s t i g a t i o n .  
V L ,  Adhesion 
Even a t  h e a t  t r e a t m e n t  t empera tu res  as low a s  100°C, we have no ted  t h a t  
t h e  Au/Pt coup les  deve lop  mounds ( s m a l l  s p h e r i c a l  p r o t r u s i o n s )  w i t h  correspond-  
i n g  l o s s  of a d h e s i o n  t o  t h e  g l a s s  s u b s t r a t e .  The phenomenon o c c u r s  more 
0 
r e a d i l y  w i t h  t h e  t h i c k e r  f i l m s  (> 2000A). I t  does n o t  occur  on e i t h e r  t h e  Au 
o r  P t  f i l m  moni to r s  ( d e p o s i t e d  on t h e  s u b s t r a t e  s i m u l t a n e o u s l y  w i t h  t h e  c o u p l e ) .  
I n v e s t i g a t i o n  of t h i s  phenomenon h a s  been t e m p o r a r i l y  se t  a s i d e  i n  favour  of t h e  
d i f f u s i o n  s t u d i e s .  
V L I .  Film S t r u c t u r e  
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P t  f i l m s  i n  t h e  as -depos i t ed  and i n  t h e  h e a t - t r e a t e d  c o n d i t i o n s  were  
examined by t r a n s m i s s i o n  e l e c t r o n  microscopy and e l e c t r o n  d i f f r a c t i o n .  
An as -depos i t ed  f i l m  gave a  r e l a t i v e l y  smooth c o n t r a s t - f r e e  image w i t h  
o c c a s i o n a l  s m a l l  bumps up t o  60,000X m a g n i f i c a t i o n  ( a t  120 kV). The e l e c t r o n  
d i f f r a c t i o n  p a t t e r n  c o n s i s t e d  of a  few v e r y  b road  h a l o s ,  s i m i l a r  t o  p a t t e r n s  
from amorphous m a t e r i a l s .  
A h e a t - t r e a t e d  f i l m  ( 5  h o u r s  a t  250°C, f i n a l  r e s i s t i v i t y  54 pR-em) gave 
a n  image a t  60,000X c o n s i s t i n g  of a m a t r i x  ( o r  f e a t u r e l e s s  background) and 
s m a l l ,  uni formly d i s t r i b u t e d ,  i s l a n d s  resembl ing  c r y s t a l l i t e s .  The i s l a n d s  
occup ied  abou t  50% of  t h e  a r e a ,  and had a  wide range  of s i z e s  a v e r a g i n g  abou t  
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20A. The e l e c t r o n  d i f f r a c t i o n  p a t t e r n  c o n s i s t e d  of many wel l -de f ined  r i n g s  
t h a t  were  somewhat s p e c k l e d ,  s i m i l a r  t o  p a t t e r n s  from p o l y c r y s t a l l i n e  m a t e r i a l s  
t h a t  have an  i n s u f f i c i e n t  number of randomly o r i e n t e d  g r a i n s  t o  y i e l d  smooth 
r i n g s  . 
These d a t a  f u r t h e r  conf i rm . the  s t r u c t u r a l  changes o f  t h e  P t  f i l m s .  
V L I I ,  D i f f u s i o n  
Because of s c a t t e r  i r i  t h e  d a t a  w e  have n o t  y e t  been  a b l e  t o  e x t r a c t  rel i-  2 
a b l e  e s t i m a t e s  f o r  d i f f u s i o n  c o e f f i c i e n t s  o r  a c t i v a t i o n  e n e r g i e s .  Specimens 
on t h e  same s l i d e  o f t e n  do n o t  e x h i b i t  r e g u l a r  p r o g r e s s i o n s  i n  r e f l e c t a n c e s  w i t h  
. r e s p e c t  t o  t h e i r  t h i c k n e s s e s .  I n  s e v e r a l  c a s e s ,  i t  a p p e a r s  t h a t  t h e  d i f f u s i o n  
p e n e t r a t i o n  of P t  i n t o  Au t e n d s  t o  b e  more l i n e a r  t h a n  p a r a b o l i c ,  i . e .  x  = t 
r a t h e r  t h a n  x  - t2. 
From t h e  normal ized  s p e c t r a l  r e f l e c t a n c e  (NR) wavelength  c u r v e s ,  we 
formed a  f i g u r e  of merit, NR = (NR)0.8p - (NR)0,6p. T h i s  f i g u r e  o f  m e r i t  is  
u s e f u l  i n  c h a r a c t e r i z i n g  t h e  marked change of t h e  Au-couple c u r v e s  a f t e r  c e r t a i n  
h e a t  t r e a t m e n t s  ( s e e  F i g . 9 ) .  P t  a p p e a r s  "white" b e c a u s e  i t s  r e f l e c t a n c e  is  
r e l a t i v e l y  uniform a c r o s s  t h e  v i s i b l e  spec t rum (0.4 - 0.7 m i c r o n s ) .  The c o l o r  
of Au i s  a s s o c i a t e d  w i t h  i n c r e a s e d  a b s o r p t i o n  ( lower  r e f l e c t a n c e )  a t  t h e  s h o r t e r  
wave leng ths .  A Au-Pt a l l o y  would t h e n  b e  expec ted  t o  have a  s p e c t r a l  r e f l e c t a n c e  
b e h a v i o u r  between t h a t  of Au a n d ' P t  (such a s  e x h i b i t e d  a f t e r  h e a t  t r e a t m e n t  i n  
F i g .  9 ) .  No d a t a  on s p e c t r a l  r e f l e c t a n c e  - v s  compos i t ion  i s  a v a i l a b l e  f o r  t h e  
Au-Pt sys tem,  and s o  we do n o t  know t h e  composi t ion o f  t h e  s u r f a c e  a l l o y  c o r r e s -  
ponding t o  t h e  observed r e f l e c t a n c e s  a f t e r  h e a t  t r e a t m e n t .  Some i d e a  of t h i s  
d a t a  might  b e  o b t a i n e d  from Refe rence  11 f o r  t h e  c a s e  o f  Au-Pd, a l though  Au-Pd 
does  n o t  have t h e  s o l i d  s o l u t i o n  m i s c i b i l i t y  gap of t h e  Au-Pt sys tem.  
For  r e l a t i v e l y  s m a l l  c o n c e n t r a t i o n s ,  v a r i a t i o n s  i n  c o n c e n t r a t i o n  do n o t  
have a l a r g e  e f f e c t  on t h e  e r r o r  f u n c t i o n ,  and on t h e  v a l u e  of t h e  d i f f u s i o n  
c o e f f i c i e n t ,  D, a s  c a l c u l a t e d  from s i m p l e  one-dimensional  d i f f u s i o n  theory  
assuming: D is a  c o n s t a n t ,  t h e  s u r f a c e  c o n c e n t r a t i o n  o f  d i f f u s i n g  
s p e c i e s  i s  h e l d  a t  u n i t y ,  and t h e  i n i t i a l  c o n c e n t r a t i o n  i s  z e r o  i n  t h e  
b u l k ,  Coriseq-iie;itly, i d .  ~ Z L V C  Z,SLUTLI(I ~ l i ~ i  t ~ e  Firs L , ciar lced,  cllailtes i n  nor- 
malized r e f l e c t a n c e  c-iLgl?t coru::so:lr.il to ;I SUL-51ce c ~ ~ c e ~ : t r ~ t f i ~ n  of 0.1.0 Ft in 
Au, Values of D ca l cu la t ed  on t h i s  b a s i s  a r e  not  incon-sis tent  with a  mechanism 
of volume d i f f u s i o n ,  Specimen 2B,,by happenstance, has  curves of normalized 
r e f l e c t a n c e  ys- wavelength ( f o r  numerous times of h e a t  t rea tment )  t h a t  appear t o  
d e p i c t  t h e  d i f f u s i o n  time necessary t o  j u s t  change t h e  "before" t o  t h e  " a f t e r "  
( a s  i n  Fig.  9 ) .  From t h e s e  d a t a  f o r  specimen 2B:  th ickness  of Au = 1090i ,  
time 19 hours ,  T  = 400°C, one may compute t h e  va lue  3 x 10-l6 cm2/ s e c  f o r  D .  
Although t h i s  agrees  wi th  t h e  va lue  c a l c u l a t e d  f o r  volume d i f f u s i o n  from t h e  
d a t a  given i n  Reference 12 ,  such agreement must b e  regarded wi th  some s c e p t i -  
cism a t  t h e  moment. 
Marked changes i n  t h e  s p e c t r a l  r e f l e c t a n c e   wavelength of t h e  P t  s i d e  of 
t h e  couples  have n o t  been observed. This  m e a n s ~ e i t h e r  t h a t  t h e  va lue  of D i s  
much l e s s  f o r  Au i n  P t  than f o r  P t  i n  Au, o r  t h a t  t h e  s p e c t r a l  r e f l e c t a n c e  i s  
r e l a t i v e l y  in sens i . t i ve  t o  composition f o r  Au--Pt a l l o y s  r i c h  i n  P t .  
IX. F u t u r e  IJork -
9"" 
A d d i t i o n a l  exper inients  w i l l  b e  conducted t o  de te rmine  t h e  r o l e  p layed  by 
O2 ( o r  N2) i n  t h e  s t r u c t u r a l  changes t h a t  occur  i n  p la t inum f i l m s  upon h e a t  
t r e a t m e n t  a t  r e l a t i v e l y  low t e m p e r a t u r e s .  
F u r t h e r  work w i l l  b e  c a r r i e d  o u t  t o  de te rmine  t h e  d i f f u s i o n  c o n s t a n t s  and 
a c t i v a t i o n  energy a s s o c i a t e d  w i t h  t h e  i n t e r d i f f u s i o n  between Au and P t  i n  
t h i n  f i l m  c o u p l e s .  
I f  t ime  p e r m i t s ,  an  i n v e s t i g a t i o n  w i l l  b e  made concern ing  t h e  mechanisms 
i n v o l v e d  i n  t h e  l o s s  of adhes ion  t o  t h e  s u b s t r a t e  of A u / ~ t  coup les  r e l a t i v e  
t.o t h e  good adhes ion  of t h e  s e p a r a t e  m e t a l  f i l m s .  
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TABLE I: 
Summary of Resistance Data 
0 
Specimen w Thickness (A) (hrs)  ~2 (hrs) T ( O C )  p i  (~fi-cm) 
9 A 1880 0.90 3 8 250 117 
B 1350 0.3 4 7 250 130 
C 1050 0.50 19 250 224 
* deposition at 300°C 4- 201nin, at 300°C after deposition (jn situ) 
$. d e p o s i t i o n  at ai;ticl,t tell c ' f  2 ~ t ~ ~ r e s  
F i g .  1: Room t e m p e r a t u r e  e l e c t r i c a l  r e s i s t a n c e  v s  a n n e a l i n g  t i m e ,  t y p i c a l  ~ e ~ 1 i - 1 0 ~  ~ l ~ t s .  
-
Pt f i l m s ,  A i r  annea led  a t  . 2 5 O 0 ~ .  F i l m  t h i c k n e s s e s  : A) 1880W, B)  1350A C )  1050A. 
. . 
Fig.  2 :  Time conskant of i n i t i a l  decrease  of  r e s i s t a n c e  vs r e c i p r o c a l  temperature of 
-
a i r  anneal ing.  P t  f i l m s .  
Fig .  3: 'Time c o n s t a n t  of s e c o n d a r y . d e c r e a s e  o f  r e s i s t a n c e  r . ec ip roca1  t empera tu re  
of a i r  annealing. P t  f i l m s .  ' 
0 
' Fig. 4:' Normalized reflectance at 6000 A annealing time. Pt films. Air annealed 
at 250°C. 
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F i g .  6 :  Iriitikl rate of change of normalized reflectance. (at 60001) .vs reciprocal. 
-
temperature of air 'annealing. Pt films. 
0 
Fig. '  7 :  Normalized r e f l e c t a n c e  a t  6000 A -- vs a n n e a l i n g  t ime.Specimen l A  a i r  
annea led  a t  300°C. Data t a k e n  th rough  t h e  m<croscope s l i d e  s u b s t r a t e .  P t  
f i l m s .  

F i g .  9 :  Normalized r e f l e c t a n c e  v s  wavelength, Au,Pt, and Au-on-Pt f i l m s  before '  
( s o l f d  curves)  and a f t e r ( d a s h e d  curves)  a i r  annea l ing  f o r  3.75 hours a t  
4 5 0 ' ~ .  Specimcn 3 B .  
